Isoëtes malinverniana Ces. et De Not. is a narrow endemic quillwort occurring within channels used for rice fields water supply, in the lowland area of North Italy. The range of I. malinverniana is highly fragmented and in the last 10 years the whole population decreased by more than 80%. This strong decline is assumed to be mainly related to the intensification of agricultural practices, which led to decreasing water quality, alteration of flow regimes and mechanized management. In order to highlight which of these factors may affect population performance and fate (persistence vs. extinction) of the species, plant cover, density and leaf length were measured, and a range of water and sediment parameters were analyzed at the plot scale, within the extant populations and in eight historical sites where I. malinvarniana recently disappeared.
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Introduction
Around the world several aquatic species belonging to the ancient relict genus Isoëtes(quillwort) are rare and on the brink of extinction due to water quality deterioration and habitat destruction ( Taylor et al., 1993 , Leon and Young, 1996 , Musselman, 2002 , Rhazi et al., 2004 , Chen et al., 2005 , Kang et al., 2005 , Chen et al., 2007 and Changkyun et al., 2008 . Isoëtes is a cosmopolitan genus of heterosporous lycopsids with fossil records dating back to the Paleozoic ( Hoot et al., 2004) and 200 or more living species (Schuettpelz and Hoot, 2006) , ranging from perennial aquatics to ephemeral terrestrials (Taylor and Hickey, 1992) . Considering the combination of relictual character and the pressures that act detrimentally on their habitats, Isoëtes species are the subject of different conservation measures ( Environment Agency of Japan, 2000 , Vöge, 2004 ,USFWS, 1996 and IUCN, 2010 .
In Italy seven species of quillworts are present (Conti et al., 2005) and all of them are very rare in Italy. In particular, Isoëtes malinverniana is endemic to the Western Po plain and occurs, unlike most of the congenerics, within channels and ditches fed with freshwater deriving from springs and from rivers, mostly used for rice crops water supply and drainage ( Soldano and Badino, 1990) . Within the genus, I. malinverniana has a high taxonomic significance as it is biogeographically and phylogenetically isolated from other species . The range of I. malinverniana is highly fragmented and in the last 10 years the whole population decreased by more than 80% ( Barni et al., 2010) ; at present, only 11 occurrences in very restricted and isolated sites are known.
For these reasons I. malinverniana was listed in the Italian Red Lists ( Conti et al., 1997) under the IUCN category Critically Endangered (CR). Moreover I. malinverniana was included in annexes II and IV of the EU "Habitat" Directive 92/43. Although it was designated as a plant species of Community interest in need of strict protection, at the time only one of the extant populations is included in a Site of Community Importance.
As a first approach, the conservation of rare endemic taxa requires insights on their geographic distribution, niche characterization and particularly into limiting environmental factors and impact of activities, both past and present (Bernardos et al., 2006) . Up to now, the knowledge on I. malinverniana ecology and causes of population reduction only relied on qualitative observations ( Corbetta, 1965 and Soldano and Badino, 1990) , and overall information based on field measurements is still lacking. The decline of I. malinverniana populations may be due to anthropogenic activities but we are still far from pinpointing which kind of habitat changes, or combined effect of them, caused their deterioration and regression. Isoëtes species and, to a wider extent, isoetids are reported to have morphological and metabolic strategies evolved as adaptations to unproductive oligotrophic environments ( Hutchinson, 1975 , Chapin, 1980 and Vitousek, 1982 . Consequently, water pollution and eutrophication by contamination with domestic, agricultural or industrial effluents is generally regarded as the main predictor of Isoëtesand isoetid decline ( Smolders et al., 2002 , Arts, 2002 , Wen et al., 2003 and Pedersen et al., 2006 . Therefore, we expected that more viable populations would be found in the most nutrient poor channels with characteristics similar to those reported for most Isoëtes and isoetid natural habitats, and thus with higher conservation values. Besides water deterioration, the mechanized management of channels, intensively maintained by regular cutting of bankside and aquatic vegetation, dredging and re-profiling using excavators, was assumed to play an important role in the decline ofI. malinverniana populations.
Therefore, we aimed to (i) evaluate the conservation status of the extant populations of I. malinverniana, (ii) investigate the relationship between population performance and habitat conditions, and (iii) identify which factors among water quality, sediment characteristic and management regime may affect the fate (persistence vs. extinction) of the species. The study of habitat characteristics and management of agricultural channels may clarify aspects of their underestimated role in hosting rare aquatic species and help in preparing technical guidelines for conservation.
Materials and methods

Study species
I. malinverniana Ces. et De Not. is an evergreen perennial, submerged quillwort, characterized by a short rhizomatous 3-lobed corm and numerous linear leaves, spirally arranged. Leaves can be 30-100 cm long according to Tutin et al. (1993) . The ligules are triangular. Basal sporangia are without velum, megasporangia are usually on outer leaves, microsporangia on inner leaves. The megaspores are white to grey, with a mean diameter of 440-500 μ, with a rounded-triangular profile and an evident trilete mark in polar view, baculate surface, bacula on the upper face fused to form three prominent warts ( Ferrarini et al., 1986 and Tutin et al., 1993) . Microspores are grey, elliptic, surface granulate, with a mean diameter of 33-38 μ ( Ferrarini et al., 1986) . Although mega-and microsporangia have been observed at any time of the year, their decay and the consequent spore release is gathered in advanced autumn (unpublished data). The species does not spread vegetatively, thus single individuals can be easily recognized in the field. Further investigations to gain knowledge about phenology, leaf turnover and life span of the species are in progress.
Study area
I. malinverniana was first discovered by Alessio Malinverni in running water channels for rice field supply in the province of Vercelli (NW Italy) and then recognized as a species new to science in 1858 by Cesati and De Notaris. Knowledge of its distribution was then expanded to 45 sites ( Mattirolo, 1912 , Corbetta, 1965 , Corbetta, 1968 and Soldano and Badino, 1990 in the Piedmont and Lombardy regions. The range of the species strongly decreased lately, as already referred.
Both historical and present sites are located in correspondence to the resurgence spring line between the upper and lower Po Plain (Andreis et al., 2005) , where water table reaches the land surface owing to a sediment permeability decrease. Water from these springs is typically oligotrophic and has a remarkable clarity, medium temperature about 10-15 °C with limited annual fluctuations, pH slightly acid (pH = 6-6.5) and conductivity ranging from 200 to 400 μS cm −1 (Potenza, 2002) . The spring system was exploited for irrigation by digging an extensive network of interconnected channels, used for rice cultivation, since the 15th century. Nowadays groundwater is mixed with water from rivers and from rice field drainage, during the rice growing season from April to September resulting in a deterioration of its quality and abrupt alterations of flow regime. Either semi-natural or artificial, the channels where I. malinverniana grows may host aquatic vegetation of Ranunculion fluitantis and Callitricho-Batrachion communities (priority habitat 3260, listed on Annex II of the Habitat Directive), where Ranunculus fluitans Callitriche stagnalis, Cardamine amara, Fontinalis antipyretica and Sparganiumspp. are the most prominent species. However, where other aquatic macrophytes occur they usually display low densities and are arranged in scattered patches unmingled withI. malinverniana plants.
Study design
Literature and herbarium data collection, along with extensive field surveys carried out from 2005 to 2009 across the whole range of I. malinverniana, resulted in a comprehensive compilation of historical and present locations of the species. Hereafter two types of sample sites were identified with regard to the occurrence of I. malinverniana: (i) sites where the species was still present (ISO) and (ii) sites where the species previously occurred, but was not recovered during the recent surveys (EX-ISO). In order to evaluate the conservation status of 11 extant populations of I. malinverniana, 38 rectangular plots (0.5 × 1 m) were randomly placed with longer side parallel to the water flow at more than 3 m intervals between each other, in ISO sites. Shape and size of the plot were fixed in accordance to the channel width and to the long and narrow shape of I. malinverniana sub-polulations. The number of plots varied among populations from 2 to 5, depending on population size and heterogeneity. ), maximum leaf length and number of leaves per plant. Total plant cover (%) and cover of I. malinverniana and other macrophytes (%) occurring in each plot were also estimated.
Measurements of population performance were carried out in March and in October 2009 maintaining the same plot locations to examine plant seasonal variations. Only October data were then used in the environmental analyses because they corresponded to the maximum plant development. Using the results of the spring investigation a highly significant correlation was gained between the number of leaves and the maximum leaf length per plant in each plot (n = 38; R = 0.77; p < 0.001), therefore only the second parameter was measured in October.
In order to test whether the occurrence, conservation status or disappearance of I. malinverniana was related to environmental parameters, 22 sampling points, were randomly selected in eight historical sites and a range of environmental variables (see below) was recorded from each ISO and EX-ISO site. The number of sampling points varied among EX-ISO sites from 2 to 4, depending on site heterogeneity.
Environmental data
Water temperature (T), pH and specific electrical conductivity (EC) were measured in the field at each site, monthly, from March to October, using a portable multi parameter device (HI 9811-5, HANNA Co, Italy); water depth was measured using a folding tape. In each site three repetitions of the above mentioned measurements were performed and the mean of these three data was used in the analysis.
Moreover, two surface water samples were collected in each site in March, July and October, in the centre of each channel. A total of 114 samples of 500 ml were collected in polypropylene bottles, in order to determine the following parameters: hardness (as CaCO 3 ), nitrate (NO 3 − ), ammonia (NH 3 ), phosphate (PO 4 3− ), total chlorine (total Cl) and BOD 5 . Analysis were performed on sub-samples using a multi parameter ion-specific photometer (HI 83200, HANNA Co, Italy) at room temperature. Only for BOD 5 a different photometer was used (Lasa 100, Hach Lange Srl, Italy).
Soil samples (n = 60, 500 g each) were collected in March 2009 from each ISO and EX-ISO plot for the analysis of the following parameters, according to Italian Standard methods ( S.I.S.S., 1985): soil pH, percentage of sand, silt and clay, amount of organic carbon (C), nitrogen (N), available phosphorus (P 2 O 5 ), exchangeable potassium (K 2 O) and C/N ratio.
Information about direct management of the studied channels was obtained by Land Reclamation Syndicate operators and by private owners. Management potentially affecting aquatic habitats includes: manual mowing of vegetation, dredging and re-profiling using excavators, dry-out during winter. Combining intensity and frequency of the different practices, four classes were conceived according to the impact of management on aquatic habitats:
No management, null impact.
2.
Manual mowing of aquatic vegetation 1-3 times per year, low impact on vegetation, no impact on the soil.
3.
Manual mowing of aquatic vegetation and/or shallow dredging with low frequency application (10-20 years), medium/high impact on vegetation, medium impact on soil.
4.
Shallow dredging with frequent applications (every 2 years) or deep dredging and re-profiling, severe impact on both vegetation and soil.
Data analysis
The three structural parameters (I. malinverniana percentage cover, density of individuals and average of maximum leaf length) measured in each ISO plot (n = 38) were used to analyze the existence of groups identified on the basis of the different population structure (at the plot level). In order to identify such groups a Hierarchical Cluster Analysis (HCA) was performed after variable standardization (Z scores) using Euclidean distance measure and Ward's linkage method. This cluster method attempts to optimize the minimum variance within clusters ( Ward, 1963 and Anderberg, 1973) . Differences in structural variables between groups were tested with one-way ANOVA. Group means were compared with the Bonferroni post hoc range test (p < 0.05), which takes the unbalanced replicates design into account ( Soliani, 2004) . Isoëtes percentage cover and density were examined for homogeneity of variance (Levene test) and were square root transformed before the analysis.
Water and soil parameters were compared among Isoëtes groups defined by the cluster analysis, including EX-ISO plots (extinct group), with one-way ANOVA followed by Bonferroni post hoc range test. Percentage variables were arcsin-transformed and the other measurements log-transformed in case of unequal variance. The relation betweenIsoëtes groups and management intensity was analyzed by a χ 2 -test performed on a 4 × 4 contingency table (4 plot groups × 4 management intensity categories).
As there are likely to be several environmental factors acting in combination that affect the performance and fate of Isoëtes populations, an examination of these relationships is best achieved in a multivariate rather than univariate way. The role of water, soil, and management factors in discriminating among the Isoëtes groups was assessed using Canonical Variate Analysis (CVA) ( ter Braak and Šmilauer, 2002) . In order to identify the best subset of environmental factors that can discriminate among Isoëtes groups, the statistical significance of each factor was tested in a forward selection process by means of a Monte Carlo permutation test with 499 permutations (P < 0.10). Not significant environmental variables were included in the model as "supplementary environment data" in order to obtain an additional interpretation of already extracted ordination axes (ter Braak and Šmilauer, 2002) . CVA was performed using 60 samples (ISO and EX-ISO plots), 12 significant environmental variables and 9 supplementary variables. All the variables included in the ordination were standardized (Z-scores) and then used without any transformation applied.
All analyses were performed using the SPSS v.16.0 statistical package (SPSS, 2007) . CVA was performed using CANOCO version 4.5 (ter Braak and Šmilauer, 2002).
Results
Conservation status
The HCA performed for the 38 ISO plots (Fig. 1) identified three distinct clusters according to the measured structural traits (cover percentage, maximum leaf length and plant density). Two out of three clusters grouped plots belonging to different populations (i.e. channels) (see Appendix I), highlighting the structural heterogeneity within each population. Therefore, in order to find out the relationships between population structure and the associated environmental parameters, analyses were performed at the plot level. The first cluster (n = 6), which splits from the others at a lower similarity level, grouped plots where I. malinverniana presented the highest cover (87%), and highest density (314 plants m −2 ) made up by stout individuals bearing 47 cm long leaves on average (group ISO-C). At a higher similarity level, a second (i.e. ISO-B) and third (i.e. ISO-A) cluster were separated, both grouping a higher number of plots (n = 11 and n = 21 respectively) with respect to the group ISO-C and both characterized by smaller plants, lower cover and densities between 5 and 30-fold lower than the plots in the first cluster.
Fig. 1.
Dendrogram resulting from cluster analysis of 38 ISO plots based on I. malinverniana performance traits (Euclidean similarity matrix, Ward's linkage method). Number of plots in each cluster is reported in brackets.
ANOVA test showed that the means of all the three clusters differed significantly from each other for every trait (Table 1) , except for plant length that did not differ between the ISO-A and ISO-B clusters. Plant length was twofold lower in ISO-A and ISO-B than in the first cluster.
Isoëtes cover resulted strongly related to the density ( Fig. 2b) and separated well the three groups. The ISO-A group never exceeded 15% cover values with density hardly ever higher than 20 plants m −2
. The ISO-C group showed cover values always higher than 50%, combined with density ranging from 200 to about 400 plants m −2 . Plant length was less closely related to both cover (Fig. 2a) and density (Fig. 2b) . Although it increased among groups with increasing cover and density, it resulted more diversified within groups. In the ISO-A plots in particular, where cover and density resulted constantly low, plant length varied over a wide range (8.5-34 cm), but never reached lengths performed in ISO-C. On the contrary the ISO-C plots had an even distribution of plant length, with values in a narrower range (mainly 40-50 cm). Plant length, as well as leaf number, are structural variables that could be assumed as indicative of either plant productivity or plant age.
Habitat characteristics at the study sites
I. malinverniana growing sites in general had shallow (21.3-27.4 cm), cool (11.5-12.6 °C) and very soft (20-21.5 mg CaCO 3 L −1 ) water, with low conductivity (81.3-119.6 μS cm −1 ) ( Table 2 ). The water pH was slightly basic (pH 7.5-7.7). Dissolved nutrient (nitrate and phosphate) concentrations were relatively high (7- ) as well as BOD 5 values, revealing more mesotrophic than oligotrophic conditions. Isoëtes mainly occurred on coarse substrates (86-89% sand), characterized by weakly acid pH (6.4), with low (5.3-5.2 g kg −1 ) to moderate (10 g kg −1 ) organic C content, that tended to accumulate (C/N ratio > 11) rather than being mineralized, due to the reduced conditions in anaerobic sediments. Nutrient content in sediments were low for nitrogen and phosphorus, while K content resulted very high (106.6-223.2 mg kg −1 ).
Values of water depth, temperature and conductivity, of soil C, P, K, sand and silt content and of impact of management generally did not differ among ISO clusters, while showed distinct differences between ISO growing sites and the EX-ISO sites.
In particular higher depth and strongly fluctuating water levels, higher values of temperature, and conductivity were all associated with the absence of I. malinverniana. Soil organic C and nutrients (P and K) also showed higher values in the EX-ISO sites compared with ISO sites. Isoëtes groups and management intensity were significantly related (χ 2 = 41.13, P < 0.001, df = 9), with the highest management intensity occurring in EX-ISO group and the recurrence of lower impact activities in the ISO-C and ISO-B groups.
Differences resulted more marked between the group C of ISO plots and EX-ISO plots, except for the soil parameters.
Relationships between environmental conditions and Isoëtes status
Canonical variates analysis (CVA) was used to discriminate among the four groups: three ISO clusters and the EX-ISO group. CVA enabled us to determine which linear combination of environmental variables best discriminated among groups and to indicate if groups were different in terms of the measured environmental factors. Eleven of the 21 environmental variables tested for discriminatory power between the groups were significant (P < 0.10, Table 3 ). Water temperature, water conductivity, water depth and depth range, soil K and P, and impact of management were the best discriminating variables (P < 0.01).
Axis 1 and 2 of the CVA ordination plot are illustrated in Fig. 3 . The first axis (explained variance = 59%) clearly separates the EX-ISO group from all the others ISO clusters. The length and direction of the arrows provide an indication of the relative importance of each environmental variable in the group separation (Fig. 3b) . EX-ISO sites typically displayed high water depth, high water depth range, high water temperature, high EC and intensive management. Soil texture also discriminates along the first axis, with higher silt and lower sand content in the EX-ISO plots than in the ISO clusters. The second axis (explained variance = 31%) separates ISO-C plots from the other two ISO clusters. Water nitrates and phosphates, nutrient (P and K) and organic C content in the soil are the discriminating variables. ISO-C plots were characterized by higher water nitrates, higher P, K and organic C content in the soil, while higher water phosphates were associated with ISO-A plots. Water parameters traditionally analyzed to assess water quality, i.e. nitrates, phosphates, ammonia, total chlorine, BOD 5 and water pH showed a weak or null power in the group separation. The large overlap and the close proximity of the centroids in the CVA ordination plot between ISO-A and ISO-B clusters suggest that they may not be easily distinguished in terms of the measured environmental variables. Three different situations can be identified within and among I. malinverniana extant populations. Considering cover, density, and length as diagnostic parameters of plant and population performance ( Vöge, 2003) we can assume that a decreasing health status of the plant occurs from populations with ISO-A to populations with ISO-C dominating plots.
Unfortunately we lack quantitative data revealing the Isoëtes growth rates in its original undisturbed habitat, severely altered or destroyed nowadays. Nevertheless, populations characterized by high cover (50-100%) with plants up to 1 m long were described before the drastic range contraction ( Mattirolo, 1912 and Corbetta, 1965; 1968) and measurements on 58 herbarium specimens collected between 1858 and 1912 resulted in 45 cm as average plant length. At present, similar values are reached only in ISO-C plots, suggesting that I. malinverniana, if not affected by environmental constrains, tends to display these growing features. Gentili et al. (2010) , assessed the genetic structure and the level of genetic variation within and among some of the extant populations of I. malinverniana and demonstrated that population no. 3 (most of the plots grouped in ISO-C, see Appendix I) had the highest values of genetic diversity, concluding that this would be the best candidate as a source of individuals to employ in reintroduction or reinforcement plans. On the contrary, populations with predominating ISO-A plots are also the smallest populations and, according to Gentili et al. (2010) , they show the lowest values of genetic variability. The chance for survival of such very small populations, under current conditions, seems to be scarce. Therefore the understanding of factors which either negatively or positively influence the population survival results of great importance.
Contrary to our expectations, habitat conditions where I. malinverniana showed the highest density and productivity, were characterized by higher water nitrates, higher P, K and organic C content in the soil. Only water phosphates were lower, however they did not seem to have a significant role in the declining of Isoëtes populations (see CVA). The increase in water nutrients registered in sites with higher number of plants and Isoëtesproductivity is evident but stays in the range of mesotrophic conditions (according to the Italian law D.L. 258/00). Similarly nutrient content in the sediment suggests conditions of medium-low fertility if compared to the typical agricultural soils of the surrounding plain. Therefore it seems likely that the nutrient increase, especially in the sediments, leadsIsoëtes to faster plant growth and increased biomass, rather than "disrupting" the metabolic activity as suggestively hypothesized for other Isoëtes species ( Wen et al., 2003) . This result suggests that I. malinverniana can be considered relatively tolerant of eutrophication as already reported for other aquatic quillworts Brettum, 1989 and Ballestreros, 1993) and is capable of phenotypic adaptations in size as a response to habitat variations, like other congenerics ( Rorslett and Brettum, 1989) and other macrophytes adapted to nutrient poor, acidic water, like Juncus bulbosus (Schneider et al., 2013) and Littorella uniflora ( Bagger and Madsen, 2004) .
The nutrient increase could affect indirectly Isoëtes by leading to enhanced growth of aquatic macrophytes and overgrowth of epiphyte algae ( Sand-Jensen and Borum, 1991) that compete better for light and nutrients in the water layer. However, in the studied growing sites the cover percentage of other macrophytes resulted generally very low and significantly lower than Isoëtes cover particularly in ISO-C plots (12% vs. 83%) and ISO-B (10% vs. 47%), but also in ISO-A (9% vs. 6%) the cover of other hydrophytes was in no way competitive. Epiphytic algae development was rarely observed, in particular on decaying sporophylls at the end of winter, when water flow has the lowest level.
Comparison between ISO and EX-ISO sites resulted very useful in order to generate more convincing hypothesis on potential threats to I. malinverniana. In the CVA ordination two distinct environmental spaces were identified by the ISO plot groups (towards the left) and the extinct Isoëtes sites (towards the right). Environmental variables representative of water and soil physical characteristics, electrical conductivity and management type strongly characterize the suitable or inhospitable environmental space for Isoëtes survival.
Most of EX-ISO sites show a more southern location than ISO sites, located more close to the resurgence spring line of the Po plain. Consequently, EX-ISO sites are characterized by water temperature and electrical conductivity consistently higher than ISO sites since the lowland channel system collect relatively more water from rivers, from rice field drainage, and from rural settlements because of a wider catchment area.
Direct response of quillworts to variation in temperature is still unclear but it may limit Isoëtesoccurrence and viability when stays under certain thresholds ( Vöge, 2003) . On the other hand, Gacia and Ballestreros (1994) showed that the productivity of I. lacustris was highest with conditions of high temperature. Although we cannot exclude the combined contribution of the increase in temperature with other environmental parameters, we lack evidence of a direct detrimental effect of water warming on Isoëtes occurrence. On the contrary, conductivity has been often reported as an important factor determining Isoëtesgrowth and thus was considered a useful parameter to identify habitat suitability for aquatic quillworts ( Vöge, 2003 , Abeli et al., 2012 . Increased values of conductivity in EX-ISO sites may be both related to higher temperature values and to greater amount of ionized solutes and/or total dissolved solid, compared to ISO sites. Constant low values of water hardness allow us to exclude lime addiction as the cause of conductivity increase, while on the contrary the hypothesis of toxic pollutants in the water, needs to be deepened.
Channel systems located in the lower plain have been deepened or dredged in the past to increase channel capacity, while upper plain channels are less modified and retain small dimensions. This type of management has clearly a direct detrimental effect on aquatic plants and habitats (Hey et al., 1994) , since it removes both growing plants and propagules stored in the substrate, but also implies hydrological alterations such as the deeper water and the wider fluctuating water level among seasons, that characterize EX-ISO sites. High water level and fast currents increase sediment resuspension, which affects the ability of macrophytes to survive due to the effects of abrasion and the decreased light (Biggs, 1996 and Madsen et al., 2001) . Isoëtes species seem to be sensitive to scour ( Szmeja, 1994) and to fast flow. In particular when growing in nutrient-rich sediments Isoëtes plants tend to increase shoot to root ratio with weaker roots (Smolders et al., 2002) , and are therefore prone to be easily uprooted, owing to mechanical disturbance. Furthermore, Isoëtes and isoetid species are proved to be vulnerable to decreases in light levels, resulting from decreased water transparency Søndergaard, 1981 and Johansen, 1995) .
Water quantity and the timing of changes in supply have a primary influence on aquatic plant communities (Haslam, 1978) . The season and extent of enhanced water supply due to rice growing demand from April to September may be crucial to the occurrence and colonization of Isoëtes communities in these systems. Since I. malinverniana starts to release mature spores in late autumn ( Abeli and Mucciarelli, 2010) , it seems likely that the sudden inflow of great quantity of turbid water in April may heavily affect the most important phases in the demography of this species: germination, seedling establishment and initial growth.
Almost all upland sites where Isoëtes populations still survive are subjected to mechanized management, but with a lower impact with respect to the lowland sites. The maintenance of these channels includes at least annual manual cutting of aquatic and bankside vegetation, and shallow dredging from 2 to approximately 10-year intervals, using hydraulic excavators. Cutting does not seem to affect negatively Isoëtes performance, rather it seems to encourage vegetative growth in nutrient rich conditions. On the other side, dredging is not applied as deeply and extensively as in lowland channels. This allows some Isoëtes patches to survive in most sheltered positions, for instance under and near bridges, and therefore to maintain viable plants capable of re-colonization after dredging. Seasonal changes in water level and the associated effects on the reproductive phase occur also in upland channels, although the lower water supply and smaller channel size maintain the level variation in a narrower range.
Our findings may have useful implications for the conservation and restoration of I. malinverniana. Maintaining narrow channels with low mean water depth (20-30 cm) and a slow but constant flow is crucial for the conservation of the species, with particular regard at avoiding the severe increase of water flow during spring. The mechanized maintenance of channels should be restricted within reaches of channel where the species is still present, applying a buffer zone up-and downstream. On the contrary, manual mowing may be allowed, within certain limits of frequency. The above suggestions may be useful at achieving the goals of the Water Framework Directive (FWD 2000) and the "Habitat Directive (43/92/EEC), to improve sustainable conservation of Isoëtes and other rare aquatic species through the habitat preservation and restoration.
